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ABSTRACT: Plastics become rapidly colonized by microbes
when released into marine environments. This microbial
communitythe Plastispherehas recently sparked a multitude
of scientific inquiries and generated a breadth of knowledge, which
we bring together in this review. Besides providing a better
understanding of community composition and biofilm develop-
ment in marine ecosystems, we critically discuss current research
on plastic biodegradation and the identification of potentially
pathogenic “hitchhikers” in the Plastisphere. The Plastisphere is at
the interface between the plastic and its surrounding milieu, and
thus drives every interaction that this synthetic material has with its
environment, from ecotoxicity and new links in marine food webs
to the fate of the plastics in the water column. We conclude that
research so far has not shown Plastisphere communities to starkly
differ from microbial communities on other inert surfaces, which is particularly true for mature biofilm assemblages. Furthermore,
despite progress that has been made in this field, we recognize that it is time to take research on plastic−Plastisphere−environment
interactions a step further by identifying present gaps in our knowledge and offering our perspective on key aspects to be addressed
by future studies: (I) better physical characterization of marine biofilms, (II) inclusion of relevant controls, (III) study of different
successional stages, (IV) use of environmentally relevant concentrations of biofouled microplastics, and (V) prioritization of gaining
a mechanistic and functional understanding of Plastisphere communities.
■ INTRODUCTION
It is difficult to imagine living in the pre-“Plastic Era” where
plastics were unknown to society, food was not packaged in
films, and toys were made out of wood or metal. Plastics are
extremely durable, lightweight, cheap, and versatile, character-
istics which have led them to replace traditional materials (i.e.,
paper, metal, glass, and wood). Plastics have become a major
commodity in our society, comparable to electricity or the
Internet, but, beyond all of the benefits, these cheap materials
have also encouraged the “throw-away” consumer culture
which has evoked vast social and ecological issues. Despite
growing awareness, over 300 million tons of plastic waste are
still generated annually and the majority is not recycled after
disposal.1 Plastic waste is a major environmental problem
when it is not managed effectively. It is predicted that between
4.8 and 12.7 million tons of plastics enter the oceans annually,
which is likely to continue to increase by an order of
magnitude within the next decade.2 While plastics have been
detected in almost every environment, those within aquatic
ecosystems are perhaps of most concern due to their global
transportability, e.g., by wind3 or ocean currents,4 reaching
even uninhabited parts of our planet.5−8
As with any kind of surface that enters aquatic environments,
plastic debris rapidly becomes biofouled, i.e., colonized by
living organisms that accumulate over time.9,10 The organisms
that colonize plastic surfaces are microbial communities
composed of diverse bacteria, single-celled algae, and fungi,
but can also include macro-organisms such as barnacles,
bryozoans, hydroids, or multicellular algae.11−15 These
organisms that colonize buoyant marine plastic debris can be
transported across the oceans and, in some cases, become
invasive species of fragile ecosystems.16 While macro-
organisms colonize only larger particles, microbial biofilms
can develop on any surface, including smaller plastic particles
under 1 mm in size, i.e., “microplastics”.17 The microbial
biofilms that form on plastic have been coined the “Plasti-
sphere”,12 although this term does not imply that these
polymeric materials are “actively” selecting for a distinctive
microbial community because, as we discuss, this remains
unproven.
All marine plastic debris will have a biofilm in the plastic−
seawater interface, and, hence, this living film will condition the
way these materials interact with their surrounding environ-
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Figure 1. Literature review of 66 studies12,14,44−53,35,54−63,37,64−73,38,74−83,39,84−93,40,94−98,41−43 that analyzed the Plastisphere on marine plastic
debris. Study design highlights whether the study was conducted in a laboratory or in the field (yellow) and whether the plastic was naturally
collected from the sea (collection) or introduced by the researchers and collected either at a single time point or at a series of time points (blue).
Numbers indicate the first and last days of incubation, with numbers in brackets indicating the number of points included in the time series.
Community characterization (purple) indicates whether the Plastisphere was analyzed via PCR amplicon analysis (16S, 18S, or ITS rRNA by high
throughput sequencing in purple, or by TRFLP or ARISA in light gray) or whole metagenome sequencing, and whether microscopy was used to
visualize the biofilm. Those studies that have made the sequencing data publicly accessible are also indicated. The controls (orange) highlight those
studies that compare the Plastisphere with the microbial community of the surrounding seawater (either bulk or between 0.2 and 3 μm) or
particulate organic matter (>3 μm), or biofilms that develop on inert surfaces (e.g., glass, rock, wood, etc.). The pathogens/ARGs heading (red)
indicates those studies where the presence of pathogens or antimicrobial genes was analyzed in the Plastisphere by obtaining isolates and
characterizing their susceptibility to antibiotics, quantifying the presence of antibiotic resistance genes by qPCR, or identifying specific genes for
pathogenesis by sequencing (genes). The degradation heading (green) shows those studies that aimed to determine plastic biodegradation via the
isolation of microbial biodegraders or by analyzing the degradation of the plastic (Raman/FTIR spectroscopy, weight loss or another method, e.g.,
change in buoyancy or hydrophobicity). Further information including summaries of aims and key findings, materials tested, primers used, and
sequencing accession numbers, is available in SI Table 1.
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ments. In this review, we highlight the importance of taking the
Plastisphere into account when studying plastic sinks and
ecotoxicology and discuss how marine plastic debris has
become a new ecological niche within marine ecosystems. As
the Plastisphere community composition and its role in plastic
biodegradation has been discussed in recent reviews,18−22 we
focus here on other aspects that we believe merit closer
consideration, such as microbial community succession and
biofilm-mediated interactions, and we offer our perspective
with suggestions for future research in this field.
■ THE CHALLENGES OF STUDYING BIOFILMS
Biofilms are inherent to almost any surface in nature and are, in
many cases, an unsolved problem to industry.23 Biofilms are
highly persistent microbial communities that are able to resist
adverse conditions thanks to the development of complex 3D
structures and extracellular polymeric substances (EPS).24−27
Total DNA extraction and high-throughput sequencing has
been an enormous step forward in determining community
composition and function, but these are relative and not
absolute measurements, and measurements are therefore
compositional.28 While cell and biomass quantification is
relatively simple and straightforward for planktonic systems,
absolute quantification has not been completely resolved for
microbes growing in aggregates or on surfaces.29
How can we monitor microbial growth in a biofilm? DNA
quantification can be used as a proxy for microbial growth, as
recently demonstrated (e.g., refs 30 and 31); this can be
particularly useful if it is already being carried out for molecular
analyses, although it also may overestimate growth due to
extracellular DNA and the presence of dead cells.32 Protein
quantification, as well as the measurement of metabolic activity
via colorimetric methods, have also been used as high
throughput techniques for biomass monitoring.29 We,
however, found them to be highly variable even within
technical replicates, most likely due to small particles
interfering with purification and downstream absorbance-
based methods.31 A more sophisticated technique would
involve quantifying the amplification of universal marker genes
by qPCR (e.g., using the 16S rRNA gene to quantify the
prokaryotic community), although the accuracy of this method
will depend on the efficiency of the primers used for universal
amplification and the gene copy number per cell can be
variable. The 16S rRNA gene copy number can vary between
one and 15 in some bacteria, and up to hundreds of 18S rRNA
gene copies can be found in some microbial eukaryotes. While
this variability can be corrected for,33 some researchers
advocate against these normalization approaches due to their
lack of accuracy.34 Imaging through light, fluorescence,
confocal, or electron microscopy is also a powerful method
for monitoring biofilm growth, allowing not only the
observation of surface coverage but also the observation of
biofilm structures and microbial associations.35 Absolute
biomass quantification by determining biofilm thickness,
however, is only possible through confocal microscopy,
proving complex and time-consuming.29 In our opinion, a
combination of the above methods would be optimal for
accurately quantifying biofilm growth, although the large
investment of time required represents a handicap for routine
implementation in Plastisphere studies.
■ THE PLASTISPHERE: “JUST” A NORMAL BIOFILM,
BUT ON PLASTIC?
Microbial biofilms rapidly develop on any surface where water,
nutrients, and a source of carbon and energy are available.
These elements, as well as other physicochemical conditions
such as salinity, temperature, or solar irradiation, are much
more likely to condition the Plastisphere than the surface
itself.21 Due to their inertness, most plastics will have a
negligible influence on the microbial community that colonizes
them. In fact, it is now becoming increasingly clear that the
bulk of microorganisms colonizing plastics are likely the same
as would colonize any surface, artificial or natural.21 It is well
established that the vast majority of planktonic microbes that
populate the marine water column will strongly diverge from
those able to associate and form biofilms.36 Thus, comparing
the Plastisphere with the bulk seawater community may no
longer be necessary. In fact, specialized planktonic organisms
with streamlined genomes avoid adhesion and aggregation as a
strategy to reduce their sinking rate. We strongly recommend
though, that all Plastisphere studies include comparable inert
control materials, such as glass, ceramic, shells, orperhaps
not so inertwood, especially when testing hypotheses about
the distinctiveness of marine plastics in specific processes (such
as in the transport of pathogens, antimicrobial resistance genes,
or potential polymer biodegraders).
This critical review emerges from a thorough literature
search during which we assessed different studies for their
objectives, use of controls, and methodologies used to
characterize the microbial biofilm that develops on marine
plastic debris (Figure 1 and Supporting Information (SI) Table
S1). Our analysis revealed that only 19 of the 66 reviewed
studies included a comparable inert control material, while 28
of them included a planktonic sample (generally defined as the
seawater cellular fraction <3 μm) and 16 included a particle-
associated control (generally defined as >3 μm). For those 19
that included a comparable inert control material, 14 reported
differences between the control and the plastic (SI Table S1).
These results nevertheless need to be taken with caution,
because (I) the strongest differences between materials occur
at the very early stages of colonization and are largely
influenced by the presence of additives or preweathering of the
material;37,38 (II) environmental variables have a much larger
influence on the community composition than plastic/material
type;39−43 and (III) differences between materials are usually
driven by rare taxa while abundant microbial groups remain
largely unchanged.44,45 While specific microbial species are
“actively” selected for in the rhizospheres and phyllospheres of
plants, or in the gut microbiomes of humans and animals, it
remains questionable whether plastics really are selecting for
specific microbial communities. The mixed results obtained to
date (SI Table S1) do not support such a conclusion. Thus,
current understanding of microbial ecology leads us to believe
that targeted selection would only occur if specific taxa from
the Plastisphere could utilize the plastic as a source of carbon,
i.e., the residual additives or polymeric residues. This occurs
rarely, and hence, the biofilms that develop on these synthetic
materials will not be any different from the ones that develop
on any other surface under similar physicochemical conditions.
■ WHAT FEEDS AND SHAPES THE PLASTISPHERE?
The hopeful idea that Plastispheres can grow by mineralizing
plastic has dimmed for obvious reasons, such as the extreme
Environmental Science & Technology pubs.acs.org/est Critical Review
https://dx.doi.org/10.1021/acs.est.0c02305
Environ. Sci. Technol. 2020, 54, 11657−11672
11659
recalcitrance of these materials,20,21,99 as well as discussed in
detail below. How then does the Plastisphere develop on
marine plastic debris? Here, we discuss the three key elements
required to support any form of life, i.e., water, nutrients, and
energy, and how they are obtained by the Plastisphere.
Water. This element is, of course, not limiting for
submerged plastics in marine ecosystems. Nevertheless,
materials that become stranded on shorelines are severely
affected and, in fact, very little life can develop on plastics that
are above the tidal line. Another interesting and unexplored
aspect is the remarkable adaptation of microbes to the salinity
of seawater, and thus, the variations that may occur in the
Plastisphere of riverine borne plastics as they transition into
marine conditions. While some microbes can temporarily resist
the 3% salt of seawater, durable growth, and life in marine
conditions requires profound evolutionary adaptations.100 A
drastic change in community composition in plastics moving
from freshwater to seawater environments would therefore be
expected.
Nutrients. Sunlit oceans are highly oligotrophic, i.e., low in
nutrients. Oceans transition from mesotrophic in coastal areas
to ultraoligotrophic in subtropical gyres.101 As currents
transport plastics, they converge in all five oceanic gyres,
known as plastic hotspots or garbage patches;5 a significant
proportion of marine plastic debris is therefore exposed to
ultraoligotrophic conditions. While planktonic organisms have
evolved fascinating mechanisms to overcome such deprivation
of nutrients,102−104 these may be dispensable for microbes
within biofilms. The intimate closeness of microbes within
biofilms increases the number of interactions as well as the
entrapment of nutrients obtained from their oligotrophic
surroundings. Thus, while planktonic organisms living in
immensely dilute systems rely on distant and transient
microbe−microbe exchange of nutrients,105 the build-up and
cycling of nutrients between phototrophic and heterotrophic
microorganisms within biofilms is much more effective. It is
therefore not surprising to find that Plastispheres are more
productive than their surrounding planktonic counterpart
communities.48 As a proof of concept, we showed that plastic
exposed to recirculating oligotrophic seawater was able to
develop a considerable biofilmsustained by phototrophic
organismsand build up a substantial amount of organic
carbon and nitrogen, the latter by impoverishing the
surrounding water (Figure 2).
Energy. The source of energy to power the Plastisphere will
mainly depend upon the position of the plastic within the
water column. Plastics segregate in the water column
depending on the material’s density (Figure 3A;106), although
the Plastisphere may also play an important role in
determining the position of plastics in the water column
(Figure 3B and further discussed below). Buoyant plastics in
the photic layers of the oceans are colonized by photosynthetic
primary producers12,48 that empower the Plastisphere through
the production of labile photosynthate. The availability of this
labile source of carbon and energy will facilitate the
development of large biofilms that specialize in the use of
photosynthate, outcompeting any potential plasticor plastic
additivebiodegrading organism. In turn, denser polymeric
materials that sink to aphotic layers, where light is insufficient
for photosynthesis, will force the Plastisphere to obtain energy
from degrading (I) compounds from its surrounding environ-
ment, (II) the biofilm itself, causing a reduction in the
Plastisphere’s size (Figure 3B), or (III) the plasticor
additives/monomeric constituents of (discussed below)
they are colonizing.
■ SUCCESSION IN THE PLASTISPHERE: FROM
PRIMARY COLONIZATION TO BIOFILM MATURITY
The analysis of Plastispheres collected from the ocean are
snapshots of plastic colonization at unknown time points, but
how relevant is time in the Plastisphere’s composition? More
controlled studies of the Plastisphere, where pristine plastics
were incubated in natural seawater and sampled at different
time points, have shown that there are strong shifts and distinct
communities between treatments during early stages of
colonization. Over time, however, communities converge and
r ema i n s t a b l e i n ma t u r e b i ofi lm s (S I Tab l e
S1;15,37,38,58,60,64,81,91). But what “early stages” of colonization
are, will depend on the growth rate of the biofilm, determined
by factors including temperature, light, and nutrient avail-
ability. In our experience, a stable and consistent Plastisphere
can be achieved within days to just over 1 week (Figure 4;37),
although the establishment of a mature eukaryotic community
Figure 2. Nutrient dynamics between natural oligotrophic seawater
and plastic on which a biofilm builds up. A communicating vessel
setup (top scheme) was used to recirculate seawater from the main
tank (35 L and kept in the dark) through a 0.5 L glass vessel
containing a fragment of a commercial plastic bag (PE; 38 × 47 mm)
that was exposed to light. The flow rate was kept at 70 L week−1.
Nutrient measurements were determined weekly for the seawater
(a,c) and at the end of the experiment for the plastic (b,d).
Nonpurgeable organic carbon (NPOC) and total nitrogen (N) were
measured using a TOC-L CPH/TNM (Shimadzu). Values represent
measurement mean (±standard error) from three independent
replicates. Note that scales differ between subplots.
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may take longer.108 The concept in microbiology that
“everything is everywhere, but the environment selects”,109,110
together with an element of stochasticity, may well apply to
plastic colonization in marine environments. Microbes from
the rare marine biosphere, usually copiotrophic microorgan-
isms, cannot compete with the major groups of specialized
planktonic microbes that thrive under natural ultraoligotrophic
seawater conditions. These low abundance copiotrophs are
nevertheless able to rapidly bloom under specific conditions,
taking advantage of the heterogeneity of nutrient patches in
marine systems,111,112 such as when a fecal pellet releases high
amounts of nutrients or, in this case, a surface becomes
available for colonization.
The high hydrophobicity of plastics produces a strong
interface when these materials are put in water, hindering
microbial attachment. Nevertheless, these surfaces are rapidly
covered by organic matter, collectively referred to as the
ecocorona,113 which decreases the hydrophobicity of the
surfaces and facilitates microbial colonization. In fact, our
preliminary data as well as Harrison et al.60 suggests that
microbial attachment to plastics in marine environments
occurs within minutes. Like any primary colonization of a
pristine uninhabited environment, there is an initial “stochas-
tic” proliferation of generalist organisms under no competition
other than to grow faster than the rest to cover the maximum
possible surface area. After this initial colonization, resources
Figure 3. Distribution of different polymer types within the water column attending to the material’s density. (a) Examples of buoyant and
nonbuoyant plastics. Material densities are indicated in g cm−3. (b) Hypothetical movement of buoyant (red) and nonbuoyant particles (brown) as
they enter marine ecosystems. Plastispheres with (orange) and without (gray) phototrophic microbes are indicated. The oscillatory sinking-
resurfacing of small buoyant plastics as the Plastisphere develops and self-consumes in euphotic and aphotic layers, respectively, is represented as
previously suggested by Kooi et al.107
Figure 4. Abstract representation of plastic colonization in seawater. Biodegrading microbes (BD) are represented in black. These may pioneer the
colonization of surfaces, especially if oligomers and plastic additives are available as a source of carbon and energy. Once this source is depleted, BD
will be outcompeted by specialized microbes able to grow using the labile photosynthate produced by photosynthetic microbes (green).
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and space become limiting and microbes diverge into specific
niches to avoid competition. As the biofilm matures and
increases in complexity, it produces complex extracellular
polymeric substances for protection and to reduce predation,
as well as secondary metabolites for quorum sensing or to exert
an antimicrobial effect on competing microbes (thoroughly
reviewed previously25,36,114−116).
Pioneering microbes in the colonization of plastics may
initially obtain energy from readily available polymeric
oligomers generated from plastic weathering,37,85,117 or more-
labile additives that leach out from pristine manufactured
plastics.118 These initial sources of energy are nevertheless
depleted within days, and a constant supply is favored over
time, such as organic matter obtained from the seawater or
photosynthate generated from other pioneering phototrophic
organisms (Figure 4). In fact, diatoms, cyanobacteria, and
green algae have been reported as pioneering microbes that
colonize marine plastic debris.12,48 Interestingly, even if plastics
were sufficiently labile to support microbial growth of the
Plastisphere, we and others have shown that biodegradation of
plastics would likely stall due to community succession.30,31,119
Using chitina naturally abundant and biodegradable polymer
in marine ecosystemsto study particle biodegradation, it was
shown that colonization occurs in remarkably distinct stages of
succession: (I) stochastic attachment/colonization of pioneer-
ing microbes, where the most abundant organisms are those
capable of efficient surface adhesion; (II) selection, where
organisms capable of degrading the polymer become enriched;
and (III) succession, during which the degraders are overtaken
by grazers, viruses, cross-feeders, and “cheaters”.30,31,119,120 In
these studies, chitin degradation dropped to negligible values
as chitin-degrading microbes became outcompeted by others
in mature biofilms, suggesting the same may well occur to any
potential plastic biodegrading microbes in the Plastisphere.
■ BIOFOULING AND PLASTIC BUOYANCY: COULD
THE PLASTISPHERE EXPLAIN THE
UNACCOUNTED FRACTION OF PLASTICS?
Numerous studies have now reported that there is a large
disparity between the quantity of plastic predicted to have
entered the oceans and the amount measured by monitoring
studies, sometimes referred to as the “missing 99%”.5,121
Multiple sinks for this “missing” plastic are likely, but one
suggestion is that biofouling and ingestion may play a role in
the vertical transport of plastics from the surface to deeper
waters.5 Plastics can segregate in the water column according
to the material’s density,106 but once biofouled, the overall
density may change, causing the sinking of a priori buoyant
materials. It has been well reported that large buoyant plastics
sink when biofouled by marine macro-organisms, such as
hydroids, barnacles, bryozoans, or brown, green, and red
algae.122−125 Some of these organisms, e.g., calcareous
barnacles and mussels are unlikely to be able to grow
extensively on submillimeter size particles though,124 and
therefore, microplastics are mostly colonized by prokaryotic
and eukaryotic microorganisms, as discussed above. Microbial
colonization may increase the density of buoyant plas-
tics.123,126,127 Some primary colonizing microbes, such as
diatoms,12 have dense silica shells, but bacteria are also denser
than seawater and may cause the sinking of buoyant plastics.
Nevertheless, the absence of accurate experimental measure-
mentsi.e., realistic Plastisphere thickness and density
valuescomplicates current sinking models.
What is the upper size limit for a buoyant microplastic to
sink as a result of microbial colonization? Figure 5 shows an
attempt to determine this size while maintaining realistic
biofilm thickness and corresponding biofilm density. By fixing
biofilm density to 1.1 g cm−3 and biofilm thickness to 10 μm,
we suggest that only spherical polyethylene particles (density, δ
= 0.97 g cm−3) with diameters below 114 μm and
polypropylene particles (density, δ = 0.91 g cm−3) below 60
μm would sink out of surface seawaters (Figure 5). These
values may explain why microbial biofouling alone was not
enough to induce sinking of 1 mm sized PE particles incubated
in coastal and estuarine locations.125 They also support studies
that show how polypropylene dominates the smaller fractions
of microplastics,128,129 while polyethylene materials are
predominant among macro-plastic found on seawater
surfaces.130 The oversimplified calculations presented here
(Figure 5) require further work; for example, the inclusion of
particle shapes, other than spheres, which will increase the
colonization surface to plastic volume ratio. The point,
nevertheless, is that without experimental measurements, e.g.,
of Plastisphere thickness and density in natural marine
environments, the disparity of variables does not allow accurate
predictions.
If the Plastisphere is able to increase the density of small
buoyant microplastics, removing them from the sea surface,
would this explain the “missing 99%” of buoyant plastics
described from marine surveys?121 More importantly, does the
Plastisphere “drag” these buoyant plastics all the way down to
the deep-sea sediments, where they may be buried, or will they
oscillate, as suggested in Figure 3B? As mentioned above,
biofilmslike any form of liferequire a constant source of
energy. Buoyant plastics that remain in the euphotic layers of
the ocean will be colonized by thriving phototrophic microbes
that feed the Plastisphere, but as soon as the particle sinks out
of the euphotic layer and photosynthate is no longer produced,
the biofilm will self-consume, reducing its size and, hence,
regaining buoyancy. Ye and Andrady123 already suggested 30
years ago that biofouled marine plastics might be prone to
recurrent cycles of sinking and resurfacing due to the defouling
which occurs on submerged pieces when unable to sustain
phototrophic communities, or when other organisms feed on
the fouling community. This was modeled for microplastics by
Kooi et al.,107 showing that biofouling caused a loss in
Figure 5. Model representing the characteristics of the biofilm−
thickness (Y-axis) and density (three dotted lines representing biofilm
densities of 1.1, 1.3, and 1.5 g cm−3) required to cause a spherical
buoyant plastic (polypropylene, PP, left; polyethylene, PE, right) to
become neutrally buoyant in seawater (1.02 g cm−3). Realistic and
likely scenarios are shaded in green and orange, respectively.
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buoyancy of plastics (i.e., HDPE, LDPE, PP; radius range 0.1
μm−10 mm) which, instead of sinking to the ocean floor,
oscillated in the water column. Field evidence likewise
indicates that the highest concentrations of marine micro-
plastics are found deeper in the water column (at depths of
200−600 m), rather than in surface waters,131 although the
scarcity of buoyant polymer types reported by this study does
not help to explain the ultimate fate of these plastics in the
oceans.
While plastics have been found in every compartment of
marine ecosystems,106 so far the Plastisphere has predom-
inantly been analyzed in shallow marine waters where light is
available and, most likely, becomes the main source of energy
to the biofilm. The Plastisphere of only six fragments/fibers
from the deep sea have been analyzed;132 PVC, PE, polyamide,
and polyester. Further research is required to analyze the
composition of the Plastisphere at different water depths,
including aphotic layers and within sediments. An explanation
for the findings of polymers less dense than seawater in the
deep sea6,133 is the inclusion of microplastics in fecal
pellets134−137 as well as entrapment in aggregates and marine
snow.88,138−143 Entrapped buoyant plastics can also be released
from these sinking particles,134 and unless buried in the
sediment, will presumably resurface over time. Given this
hypothetical vertical oscillation of plastics in the water column,
compositional and structural analyses (e.g., biofilm thickness)
should be performed on plastics transferred between different
compartments, such as between photic and aphotic layers.
■ DO RECALCITRANT PLASTICS SELECT FOR
BIODEGRADING ORGANISMS IN THE NATURAL
MARINE ENVIRONMENT?
This is a challenging question that still remains unanswered
due to (I) the intrinsic difficulty of recalcitrant polymer
degradation (e.g., hydrophobicity, insolubility, crystallinity, and
extremely high molecular weight of the polymers;144,145), and
(II) the lack of irrefutable certainty when identifying microbes
that can really mineralize plastics in marine systems, especially
within complex biofilms.19 While labile materials such as some
polyesters may provide a source of carbon and energy for the
Plastisphere, the incredibly long timeframes required for
microbial plastic biodegradation of more recalcitrant plas-
ticse.g., PE, PP, and PSsuggest that it is unlikely that these
materials will select for degrading microbes unless they are
preconditioned, as we discuss below. On the biodegradation of
plastics, we agree with Oberbeckmann and Labrenz21 and here
adopt the same definition, i.e., biodegradation is the total
assimilation and mineralization of the synthetic polymers by
the organisms.
The most abundantly manufactured plastics can be
categorized into two groups when we consider their environ-
mental properties: (I) nonbuoyant hydrolyzable (e.g., poly-
esters) and (II) buoyant nonhydrolyzable polymers (e.g.,
olefins such as PE and PP) (Figures 2 and 6). Polyesters, such
as PET, can be biologically depolymerized via the hydrolysis of
their ester bonds by the action of esterases,146,147 whereas
enzymatic chain scission of the more refractory nonhydrolyz-
able polymers is more challenging as they present no reactive
groups (Figures 3 and 6). Abiotic weathering processes (i.e.,
photooxidation and thermooxidation) are believed to be the
main drivers of such oxidation,148 but biological redox
reactions could also play an important role145 via enzymes
such as oxidoreductases, monooxygenases, cytochrome P450s,
hydroxylases, and laccases.18 Chemical oxidation of the
polymeric chain is thought to occur randomly, generating a
large diversity of short-chain scission products that then need
to be mineralized to complete plastic degradation. While many
studies consider alkane biodegradation as the “logical” pathway
for olefin biodegradation (because PE consists of immensely
high molecular weight alkanes), the chain scission products
generated from the oxidation of PE are in fact most likely to be
long-chain carboxylic and dicarboxylic acids.117,149 These
intermediates, and to a lesser extent short alkanes, will be
released from weathered PE as dissolved organic matter and
will induce microbial growth.37,85 Hence, preweathered
materials that initially release large amounts of oligomeric
chains are likely to select for microbes that are able to
biodegrade these subproducts. While plastics may attract
specific microbes with determined biodegrading capabilities via
chemical cues such as methane, ethane, and ethylene20,150 or
oligomers that are generated from weathering,37,117 this is
likely to be transient and will only occur within the first
Figure 6. Steps required for recalcitrant (a) and hydrolyzable polymer degradation (b). Those steps that are most likely carried out by abiotic and
biotic processes are highlighted. Blue lines represent polymeric chains and red circles represent oxygen groups. Hydrolytic enzymes are represented
in brown.
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minutes or hours of plastic submersion. Once the initial source
is depleted, biodegrading microbes will become outcompeted/
diluted within large mature biofilms (Figure 4;37,38,51,81).
Mature Plastispheres may contain potential plastic degraders,
although these are likely in the rare fraction that is in close
proximity to the plastic surface. Hence, if the aim is to study
plastic-degrading organisms, it may be a good idea to eliminate
the mature biofilm and focus on the closely attached microbes
at the very surface of the plastic, as previously done.45
Efficient degradation of olefin plastics requires the combined
action of abiotic and biotic processes (Figure 6; e.g., refs 144
and 145), but initial steps of abiotic oxidation and chain
scission may be delayed in marine plastic debris due to the lack
of thermal oxidation and the screening action of the
Plastisphere against solar radiation.151 Can biotic oxidation
of plastics replace the lack of abiotic oxidation in seawater? Are
biodegrading microbes present in close proximity to the plastic
surface really breaking down the plastic? These questions
remain unanswered and, for example, while it may be true that
obligate hydrocarbonclastic bacteria (OHCB) that are highly
specialized in hydrocarbon degradation might be degrading
plastics when found in the Plastisphere, this continues to be an
untested hypothesis.
The challenge of studying plastic biodegradation is that the
entire process is too slow to be visualized through traditional
microbiology methods such as microbial growth or substrate
depletion. Different techniques have been employed to assert
biodegradation, such as plastic weight loss, decrease of polymer
chain length (via gel permeation chromatography, GPC), or
surface oxidation (via X-ray photoelectron spectroscopy, XPS,
or Fourier transform infrared spectroscopy, FT-IR; Figure 1).
To some extent, all are valid measures of biological action on
plastics, but definitive proof would require the use of
isotopically labeled materials, as suggested by Zumstein et
al.152 The implementation of stable isotope probing (e.g., 13C-
labeled substrates) to identify those members of the Plasti-
sphere that are able to degrade and assimilate the plastic via
the incorporation of heavy carbon into the microbial DNA, i.e.,
DNA-SIP.153 While the use of 13C-labeled polyethylene has
been used to show the transfer of polymeric carbon across
freshwater food webs,154 it has still not been used for the
identification of those microbes involved in the first steps of
plastic biodegradation and assimilation. Nevertheless, in the
environment, it is uncertain whether the assimilation of heavy
carbon into the DNA of biodegrading organisms will occur fast
enough before this carbon is leaked among the rest of the
nondegrading community, resulting in the labeling of the
entire community.
Does the presence of light and the supply of labile
photosynthate diminish or enhance plastic biodegradation?
When do maximum biodegradation rates occur and when is it
best to isolate plastic-degrading microbes? These will remain
unanswered questions until we determine the molecular
mechanisms behind plastic biodegradation, which are currently
unknown for recalcitrant olefins. The mechanistic character-
ization through the identification of the key enzymes involved
will help inform currently mislead OMIC analyses. Maybe,
more than taxonomical assessments, we should be character-
izing processes within the Plastisphere to answer all of these
unresolved questions. For this we need to go back to the bench
in order to isolate microbes with true biodegrading potential,
and to prove the mechanisms involved via traditional
molecular biology and biochemistry. Some examples that
endorse this statement are the discovery of the PET
hydrolyzing enzyme, PETase, in Ideonella sakaiensis146 and
our recent publication showing that an esterase, encoded by an
Alcanivorax strain obtained from marine plastic debris, is able
to hydrolyze both natural and synthetic polyesters.155 The
discovery of these enzymesand the protein sequences
encoding themmeans that they can be used to search global
metagenomes which, in the case of the PETase, has already
revealed the distinct taxa that possess similar enzymes in
marine and terrestrial ecosystems.147 But which enzymes are
involved in the biodegradation of recalcitrant olefins? What
should we be searching for?
■ THE PLASTISPHERE INTERFERES IN THE
ECOTOXICOLOGY OF PLASTIC-BOUND
CHEMICALS
High molecular weight polymers that make up most plastics
are generally inert, but as many as 906 additional chemicals
have been associated with plastics.156 These chemicals can be
split into additives, those that are added intentionally during
manufacturing,157 and contaminants, those that sorb to the
plastics once in the environment.158−160 These compounds are
generally not covalently bound to the polymer and, thus, may
sorb/desorb from plastics in equilibrium with the surrounding
milieu. Hydrophobic chemicals have a high affinity for plastics
and are found on the surfaces of plastics at up to 106 times the
concentration of the surrounding water.161 A large number of
these chemicals are known for their toxicity to marine
biota.159,162−165 The leaching of such highly concentrated
toxic chemicals from plastics is believed to be a principal cause
of plastic ecotoxicity.
It is not yet clear, though, to what extent chemicals from
biofouled plastics even reach the surrounding milieu and
become bioavailable to marine biota. The microbial degrada-
tion of such chemicals, e.g., plasticizers, has been reported
since the 1950s.166 There are numerous studies on the
terrestrial degradation of plasticizers, e.g., refs 167−169 and we
recently characterized the biodegradation of these additives by
microbes obtained from the Plastisphere of marine plastic
debris.118 Does the Plastisphere therefore reduce the
ecotoxicity of plastics? Future experiments testing the toxicity
of plastic additives should consider including biofilms to
simulate more close-to-environment conditions. In fact, we
hypothesize that plastics may even act as hotspots of pollutant
degradation as they facilitate the concentration of hydrophobic
pollutants and encourage the development of specialized
biodegrading microbes. Microbial growth, supported by such
additives, may even lead to erroneous conclusions on plastic
polymer biodegradation.
To our knowledge there are only two studies to date (Figure
1) that take either plastic additives or degradation subproducts
into account; (I) Pinto et al.38 incubated PE, PP, and
plasticized PVC (with diisononyl or diisodecyl phthalate) for
up to two months and (II) in our previous study, Erni-Cassola
et al.,37 we incubated weathered and nonweathered PE for 2 or
9 days. While Pinto et al.38 measured the plasticizers before
and after incubation, they did not report a decrease in
concentrations and, also, did not incubate unplasticized PVC,
and while we showed that oxidized polymer chains likely shed
off weathered PE when in solution, we did not measure the
concentration of these shorter polymer chains and oxidized
subproducts.37 There are also, to our knowledge, very few
studies (in any environment) that examine the influence of
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plastic additives on plastic degradation, and these results have
been found to be dependent on the plasticizer in question.
Labrecque et al.170 found that lower molecular weight
plasticizers increased enzymatic PLA degradation rates, while
higher molecular weight plasticizers actually decreased
degradation rates (compared with unplasticized PLA). The
impact of plastic additives and degradation subproducts on
both shaping the Plastisphere and on plastic biodegradation
therefore remains to be determined, and a possible toxic effect
of these on Plastisphere communities, as we found for the
plasticizer degradation intermediate phthalic acid on two
marine bacterial isolates,171 should also be evaluated.
Information on the additive content of plastics can often be
difficult to obtain,156 but we nevertheless advocate for a more
comprehensive consideration and reporting of the concen-
tration of additives, contaminants, and degradation sub-
products when carrying out any environmental plastics study.
■ CAN PLASTICS BE CLAIMED AS SPECIFIC
VECTORS OF PATHOGEN DISPERSAL?
Several studies report that potentially pathogenic organisms are
present on marine plastic debris (Figure 1), usually with a
focus on the prevalence/abundance of Vibrio spp., e.g., ref 65.
These latter microbes, however, are ubiquitous in marine
environments, occurring in the water column as well as in
biofilms on rocks, corals, or copepods.172 Indeed, studies that
include nonplastic controls in their analyses (Figure 1)
sometimes even report a higher proportion of potential
pathogens, i.e., Vibrio spp., on control substrates than on the
plastics themselves.41,65,82,173 While a paper reporting such
results could be titled “plastics carry potentially pathogenic
hitchhikers”, perhaps it would be more accurate to state that
“marine surfaces are colonized by potentially pathogenic
hitchhikers”. When discussing the results, authors could
acknowledge that plastics have much higher durability,
buoyancy, and therefore transportability than natural co-
occurring materials, and thus, pose a higher risk due to
prolonged exposure times or higher encounter rates. Here we
discuss the main questions that must be addressed by future
studies: (I) Are these potential pathogens indeed pathogenic?
(II) Do pathogens accumulate on plastics and are there plastic-
specific pathogens? (III) Do plastics act as vectors for
pathogen dispersal?
Are These Potential Pathogens Indeed Pathogenic?
The majority of ubiquitous marine Vibrio spp. are most likely
harmless or even beneficial to some animals, such as the
bioluminescent symbiont Vibrio f ischeri with its squid host.174
Even isolates of the three pathogenic species V. cholerae, V.
vulnif icus, or V. parahaemolyticus require specific virulence
factors in order to cause infections and this can only be
determined by typing the subspecies.175−177 While high
throughput sequencing of short fragments of marker genes
(i.e., 16S rRNA gene) is an effective tool to characterize
general microbial community structures, it does not allow
robust identifications at the species level, and even less so at
serotype level,178 meaning that the potential pathogens
identified only at the genus level (e.g., Oberbeckmann et
al.41) as well as at the species level (e.g., Frere et al.59) require
more robust testing to determine their actual pathogenesis.
Furthermore, as reference databases are usually swamped with
clinical pathogens (i.e., over half of the full prokaryotic
genomes available in the NCBI database have a human host),
this is likely to bias the identification of environmental
microbes toward “pathogens”. To overcome these sequencing
problems, studies that have examined potential pathogens on
plastics have isolated and/or quantified fecal indicator
organisms,41,59,65,82,84,86 performed qPCR or tested microbial
isolates for antimicrobial resistance genes65,69,98 and searched
plastic metagenomes for antimicrobial resistance genes,97 but
only two studies specifically examined the abundance of
virulence or virulence-associated genes65,86 (SI Table S1).
Interestingly, while Silva et al. (2019)86 found both Vibrio spp.
and Escherichia coli virulence genes in isolates from plastics as
well as the surrounding water, they find on average 11
virulence genes in isolates from water samples but only four in
isolates from plastic samples. Similarly, Kirstein et al. (2016)65
found that only one V. parahaemolyticus isolate from their
seawater sample, and none from the plastic, contained
virulence-associated genes.
Do Pathogens Accumulate on Plastics and Are There
Plastic-Specific Pathogens? In order to answer this
question with currently available information, we must
examine the studies that both look for potential pathogens
and include a control substrate; Oberbeckmann et al. (2018)41
and Quilliam et al. (2014)82 (Figure 1). While, as mentioned
above, evidence confirming pathogenicity is lacking, if we
assume that those organisms are indeed pathogenic (i.e., fecal
indicator organisms such as Vibrionales and Enterobacteriales)
and take the results of these two studies41,82 with those that
use a control substrate and use molecular meth-
ods,37,38,54,64,76−78,80,92,132,39−45,51 we must conclude that
pathogens do not accumulate on plastics alone and nor are
there plastic-specific pathogens. The majority of the studies
that use a control substrate did not find them to be
significantly associated with either plastics or control
substrates.37,38,92,132,40,44,45,51,54,76,78,80 Interestingly, while
Oberbeckmann et al. (2018)41 found potential pathogens to
be higher in abundance on control substrates than plastics, in
another study (Oberbeckmann et al., 201677) they found
Vibrio spp. to be (although not statistically significantly) higher
in abundance on plastics than control substrates. On the other
hand, both Frere et al. (2018)59 and Quilliam et al. (2014)82
found higher abundances of Vibrio spp. on plastics than in
surrounding seawater or on seaweeds, respectively. Never-
theless, Quilliam et al. (2014) also found higher relative
abundances of E. coli on seaweeds than plastics and that E. coli
had enhanced survivability on seaweeds than on plastics. When
brought together, this information highlights the stochasticity
of microbial colonization of surfaces, especially when these
surfaces are inert and do not have a positive selective pressure
on particular microbial groups.
Do Plastics Act As Vectors for Pathogen Dispersal? In
answering this question, we cannot ignore that plastics have
increased residence times, buoyancy, and therefore trans-
portability than other control substrates (i.e., wood or shells),
as discussed above. However, the evidence presented in this
section is not sufficient to answer the original question − “can
plastics be claimed as specif ic vectors of pathogen dispersal?”.
Therefore, a correct assessment of the presence of real virulent
pathogens and the evaluation of their persistence over space
and time (e.g., from wastewater treatment plants to open
oceans), as well as their presence on inert substrate controls is
needed in order to determine the real risk plastics pose to
marine life and human health.65 Furthermore, an area of
research that is currently gaining interest and that would
provide a definitive answer to this question is the
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epidemiological tracking of pathogen transfer from plastics to
fauna under natural conditions.
■ INFLUENCE OF THE PLASTISPHERE ON MARINE
FOOD WEBS
The effects of the Plastisphere on the wider ecological context
of microplastics in the environment have been largely
overlooked. It is important to consider that any interaction
that plastic particles have with their surrounding environment
is mediated through the ecocorona and the microbial biofilm
that covers them. Therefore, we should examine microplastic−
biofilm−environment interactions more closely, rather than
simply microplastic−environment interactions. This avenue
has already led to some surprising discoveries; one such aspect
involves “flavoring”. A study revealed that plastics which were
exposed to seawater for 3 weeks acquired a dimethyl sulfide
(DMS) signature,179 a chemical known to be exploited by
foraging animals to identify potential feeding patches.180,181
Interestingly, the incidence of plastic ingestion was higher in
DMS sensitive birds (48%), compared with non-DMS
responders (7.5%; Savoca et al. 2016179). Microplastics
“flavored” in natural seawater have also been shown to induce
foraging behavior in anchovies182 or increase ingestion rates in
copepods.183 A curious exception was described by Allen,
Seymour, and Rittschof (2017),184 who demonstrated that a
coral (chemoreceptive feeder) consistently preferred pristine
plastic pellets over biofouled ones.
Beyond emitting chemical cues, marine plastic debris could
also provide a source of food as microbial biofilms are able to
accumulate considerable amounts of organic nutrients (Figure
2). Numerous laboratory studies have investigated the effects
of pristine noncolonized microplastic ingestion on the fitness
of various organisms, e.g., ref 185 mainly observing a
detrimental effect due to feeding of inert nondigestible
particles. Considering that in nature microplastics are not
only biofouled, but may even constitute “hot spots” of primary
production in oligotrophic environments,48 feeding on such
particles may lead to different results. We therefore
recommend the implementation of biofouled particles (at
environmentally relevant concentrations, if possible) as part of
future feeding experiments or any other experimental setup.
Clearly, one of the most fascinating consequences of
buoyant marine plastic debris is the appearance of a completely
new niche within marine ecosystems, where microbial primary
producers known to be pioneers in plastic colonization, i.e.,
cyanobacteria,48 diatoms,12 and algae,68 can grow on a surface
that remains at the forefront of the sunlit ocean and live in
meso- or even eutrophic conditions due to the buildup of
nutrients within the biofilm, despite being in an ultra-
oligotrophic environment. This new niche may have profound
and unexplored consequences in marine food webs as the web
can now be “bypassed” when larger organisms feed directly on
these microbial aggregations on plastics (Figure 7).
■ CONCLUDING REMARKS
Research has so far demonstrated that Plastisphere commun-
ities do not starkly differ from microbial assemblies that form
on other similarly inert surfaces, mainly because secondary
biofilms that are formed in mature assemblages may not even
“see” the material’s surface. This review picks up on the
tremendous increase in knowledge this field has experienced in
recent years, but identifies gaps and challenging issues that will
require further thought and elaborate experimentation:
• A thorough physical characterization of Plastisphere
biofilms (i.e., biofilm thickness, biomass and density),
yielding crucial parameters to model the influence
biofilms may have on microplastic behavior;
• Inclusion of relevant controls for biofilm specificity
studies (e.g., glass, wood or ceramics) in order to have a
reliable indication of whether plastic surfaces really
enrich for particular communities or processes;
• Evaluation of different successional stages during biofilm
formation, particularly at very early temporal stages;
• Assess the differencesphysical and taxonomic
between Plastispheres at different depths, as well as
the impact when the plastics oscillate in the water
column;
• Stronger consideration of biofouled microplastics for
experiments, particularly in ecotoxicology and ingestion
studies, to better approximate to natural conditions;
• Use of environmentally relevant concentrations of both
nutrients and materials to correctly assess the real risk
these materials pose in the natural environment;
• Start prioritizing and identifying mechanisms, and avoid
relying on taxonomy, to assess functional processes that
occur, or that are contained, within the Plastisphere such
as biodegradation or pathogenicity.
This last point may be the most tenacious challenge to be
tackled in future research. Determining community composi-
tion and taxonomy may no longer be enough to justify claims
about the presence of biodegraders or pathogens in the
Plastisphere. Future work will require going “back to the
bench” and identifying the mechanisms involved in degrada-
Figure 7. Hypothetical marine food web with the introduction of biofouled microplastics (in red).
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tion processes to correctly interpret what is happening in
nature.
While we may all agree on the negative impact that plastics
have on the environmentmainly because these synthetic
materials are out of place and, as such, are pollutantswe
must also try to use conditions as close to nature as possible
and collect robust information to support our claims. While
some speculation is acceptable, overstatements must be
avoided. Using unrealistic concentrations to prove that plastics
produce negative effects, or not reporting that control materials
present similar effects to those observed for plastics, should not
be encouraged to avoid misleading messages and further
vilifying of plastics, which have provided innumerable societal
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Erler, R.; Löder, M.; Gerdts, G. Dangerous Hitchhikers? Evidence for
Potentially Pathogenic Vibrio Spp. on Microplastic Particles. Mar.
Environ. Res. 2016, 120, 1−8.
(66) Kumar, S.; Hatha, A. A. M.; Christi, K. S. Diversity and
Effectiveness of Tropical Mangrove Soil Microflora on the
Degradation of Polythene Carry Bags. Rev. Biol. Trop. 2007, 55,
777−786.
(67) Kumar, M.; Xie, A.; Curley, J. Determining the Potential
Secondary Impacts Associated with Microorganismal Biodegradation
of Microplastics in the Marine Environment. J. Exp. Second. Sci. 2016,
3 (4), 1−11.
(68) Lacerda, A. L. F.; Rodrigues, L. S.; Van Sebille, E.; Rodrigues, F.
L.; Ribeiro, L.; Secchi, E. R.; Kessler, F.; Proietti, M. C. Plastics in Sea
Surface Waters around the Antarctic Peninsula. Sci. Rep. 2019, 9
(3977), 1−12.
(69) Lagana,̀ P.; Caruso, G.; Corsi, I.; Bergami, E.; Venuti, V.;
Majolino, D.; La, R.; Azzaro, M.; Cappello, S. Do Plastics Serve as a
Possible Vector for the Spread of Antibiotic Resistance? First Insights
from Bacteria Associated to a Polystyrene Piece from King George
Island (Antarctica). Int. J. Hyg. Environ. Health 2019, 222 (1), 89−
100.
(70) Lobelle, D.; Cunliffe, M. Early Microbial Biofilm Formation on
Marine Plastic Debris. Mar. Pollut. Bull. 2011, 62 (1), 197−200.
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(144) Restrepo-Floŕez, J.-M.; Bassi, A.; Thompson, M. R. Microbial
Degradation and Deterioration of Polyethylene − A Review. Int.
Biodeterior. Biodegrad. 2014, 88, 83−90.
(145) Krueger, M. C.; Harms, H.; Schlosser, D. Prospects for
Microbiological Solutions to Environmental Pollution with Plastics.
Appl. Microbiol. Biotechnol. 2015, 99 (21), 8857−8874.
(146) Yoshida, S.; Hiraga, K.; Takehana, T.; Taniguchi, I.; Yanaji,
H.; Maeda, Y.; Toyohara, K.; Miyamoto, K.; Kimura, Y.; Oda, K. A
B a c t e r i um Th a t D e g r a d e s a n d A s s im i l a t e s Po l y -
(Ethyleneterephthalate). Science (Washington, DC, U. S.) 2016, 351
(6278), 1196−1199.
(147) Danso, D.; Zimmermann; Schmeisser, C.; Chow, J.;
Zimmermann, W.; Wei, R.; Leggewie, C.; Li, X.; Hazen, T.; Streit,
W. R. New Insights into the Function and Global Distribution of
Polyethylene Terephthalate (PET) Degrading Bacteria and Enzymes
in Marine and Terrestrial Metagenomes. Appl. Environ. Microbiol.
2018, 84 (8), e02773−17.
(148) Andrady, A. L. Microplastics in the Marine Environment. Mar.
Pollut. Bull. 2011, 62 (8), 1596−1605.
(149) Albertsson, A.-C.; Barenstedt, C.; Karlsson, S.; Lindberg, T.
Degradation Product Pattern and Morphology Changes as Means to
Differentiate Abiotically and Biotically Aged Degradable Polyethylene.
Polymer 1995, 36 (16), 3075−3083.
(150) Royer, S.-J.; Ferron, S.; Wilson, S. T.; Karl, D. M. Production
of Methane and Ethylene from Plastic in the Environment. PLoS One
2018, 13 (8), 1−13.
(151) Rummel, C. D.; Jahnke, A.; Gorokhova, E.; Kühnel, D.;
Schmitt-Jansen, M. The Impacts of Biofilm Formation on the Fate
and Potential Effects of Microplastic in the Aquatic Environment.
Environ. Sci. Technol. Lett. 2017, 4 (7), 258−267.
(152) Zumstein, M. T.; Narayan, R.; Kohler, H.-P. E.; McNeill, K.;
Sander, M. Dos and Do Nots When Assessing the Biodegradation of
Plastics. Environ. Sci. Technol. 2019, 53 (17), 9967−9969.
(153) Neufeld, J. D.; Dumont, M. G.; Vohra, J.; Murrell, J. C.
Methodological Considerations for the Use of Stable Isotope Probing
in Microbial Ecology. Microb. Ecol. 2007, 53 (3), 435−442.
(154) Taipale, S. J.; Peltomaa, E.; Kukkonen, J. V. K.; Kainz, M. J.;
Kautonen, P.; Tiirola, M. Tracing the Fate of Microplastic Carbon in
the Aquatic Food Web by Compound-Specific Isotope Analysis. Sci.
Rep. 2019, 9 (1), 1−15.
(155) Zadjelovic, V.; Chhun, A.; Quareshy, M.; Silvano, E.;
Hernandez-Fernaud, J. R.; Aguilo-Ferretjans, M. M.; Bosch, R.;
Dorador, C.; Gibson, M. I.; Christie-Oleza, J. A. Beyond Oil
Degradation: Enzymatic Potential of Alcanivorax to Degrade Natural
and Synthetic Polyesters. Environ. Microbiol. 2020, 00, 1−14.
(156) Groh, K. J.; Backhaus, T.; Carney-Almroth, B.; Geueke, B.;
Inostroza, P. A.; Lennquist, A.; Leslie, H. A.; Maffini, M.; Slunge, D.;
Trasande, L.; Warhurst, A. M.; Muncke, J. Overview of Known Plastic
Packaging-Associated Chemicals and Their Hazards. Sci. Total
Environ. 2019, 651, 3253−3268.
(157) Hahladakis, J. N.; Velis, C. A.; Weber, R.; Iacovidou, E.;
Purnell, P. An Overview of Chemical Additives Present in Plastics:
Migration, Release, Fate and Environmental Impact during Their Use,
Disposal and Recycling. J. Hazard. Mater. 2018, 344, 179−199.
(158) Teuten, E. L.; Rowland, S. J.; Galloway, T. S.; Thompson, R.
C. Potential for Plastics to Transport Hydrophobic Contaminants.
Environ. Sci. Technol. 2007, 41 (22), 7759−7764.
(159) Teuten, E. L.; Saquing, J. M.; Knappe, D. R. U.; Barlaz, M. A.;
Jonsson, S.; Bjorn, A.; Rowland, S. J.; Thompson, R. C.; Galloway, T.
S.; Yamashita, R.; Ochi, D.; Watanuki, Y.; Moore, C.; Viet, P. H.;
Tana, T. S.; Prudente, M.; Boonyatumanond, R.; Zakaria, M. P.;
Akkhavong, K.; Ogata, Y.; Hirai, H.; Iwasa, S.; Mizukawa, K.; Hagino,
Y.; Imamura, A.; Saha, M.; Takada, H. Transport and Release of
Chemicals from Plastics to the Environment and to Wildlife. Philos.
Trans. R. Soc., B 2009, 364 (1526), 2027−2045.
Environmental Science & Technology pubs.acs.org/est Critical Review
https://dx.doi.org/10.1021/acs.est.0c02305
Environ. Sci. Technol. 2020, 54, 11657−11672
11671
(160) Bakir, A.; Rowland, S. J.; Thompson, R. C. Competitive
Sorption of Persistent Organic Pollutants onto Microplastics in the
Marine Environment. Mar. Pollut. Bull. 2012, 64 (12), 2782−2789.
(161) Mato, Y.; Isobe, T.; Takada, H.; Kanehiro, H.; Ohtake, C.;
Kaminuma, T. Plastic Resin Pellets as a Transport Medium for Toxic
Chemicals in the Marine Environment. Environ. Sci. Technol. 2001, 35
(2), 318−324.
(162) Rochman, C. M.; Hoh, E.; Kurobe, T.; Teh, S. J. Ingested
Plastic Transfers Hazardous Chemicals to Fish and Induces Hepatic
Stress. Sci. Rep. 2013, 3 (3263), 1−7.
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